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CARBON NANOTUBE SIGNAL MODULATOR
AND PHOTONIC TRANSMISSION DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The mvention pertains to a carbon nanotube signal modu-
lator for reducing, eliminating, or enhancing the resonance
interaction between photonic elements, and a photonic trans-

mission device that may incorporate the signal modulator.
2. Description of Related Art

Electronic transistors are commonly fabricated on silicon
walers to make electronic computer chips and, unfortunately,
have performance limitations that make them increasingly
more expensive to manufacture to perform suitably as the
performance requirements of computers increase. Photonic
devices are under ivestigation as a potential solution to this
problem—they are an advancement that takes advantage of
the 1ntrinsic properties of photons.

Photonic computing serves as an example application.
Photonic computing uses photons of laser light instead of
clectrons as the basis for the computing element. As aresult of
ongoing eiforts 1n this field, the art of computing has been
working towards the development of a photonic signal modu-
lator or ““switch” that could be used as the basis for a photonic
computing device. Some work has been focused on the devel-
opment of a non-linear crystal capable of, for example, on/off
modulation of a beam of photons. U.S. Pat. No. 5,093,802
teaches, for example, an optical computing method that uses
interference patterns. And, a non-linear optics approach has
also been investigated 1n order to make use of the optical
properties of certain crystalline matenals and modily the
relative speed of the light. Existing electro-optical technolo-
gies, such as micro-electro-mechanical systems (MEMS),
use tiny mechanical parts such as mirrors and thermo-optics
technology dertved from ink-jet technologies. These tech-
nologies have been used to create bubbles that can detlect
light. Unfortunately, each of these attempts at producing a
photonic signal modulator has uncovered problems that limit
1ts use.

Synthesis of nanomaterials and construction of sophisti-
cated nanodevices has uncovered physical phenomena and
created opportunities 1n several technical areas. For example,
a phenomenon of nanotechnology 1s that vibrational and elec-
tromagnetic (EM) frequencies can be substantially higher in
the nano domain and, as a result, can be useful i1n communi-
cations and sensing applications. As device feature sizes
decrease and bandwidth density pressure increases, nanoma-
terials and their associated wavelengths and resonant fre-
quencies appear to have become increasingly more 1mpor-
tant. In turn, the extension of RF technology and practices
into higher frequencies and smaller scales requires develop-
ing, for example, novel diode technology, as well as non-
linear electronic elements that are capable of operating
through harmonic interaction, amplification, and modulation
at elevated speeds and efficiencies 1n the higher frequency
ranges.

The physical dimensions and electron mobility associated
with carbon nanotubes (CNTs) provide us with materials
having properties that make them attractive for use in elec-
tronic devices that operate in the optical domain. For
example, the integration of CNTs mto conductive polymeric
thin films and densely packed CNT arrays have produced a
classical antenna-like response to incident light. See Wang et
al., App. Phys. Lett (2004). In these nanotube “forest™ arrays,
the CNTs can be grown (1) vertically aligned to produce a
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2

“polarization effect” relating to their alignment and (11) to the
same length to produce a “length effect” and consequent

“resonance” interaction.

The teachings provided herein represent an improvement
over the current state-of-the-art. One of skill will appreciate
that the only relevant experiments with CNTs have thus far
have been limited to bulk CNT samples having largely over-
lapping field geometries, such that the performance of ori-
ented CNT arrays has not been appreciated. Most 1impor-
tantly, however, the art will benefit highly from a functioning
CNT signal modulator that 1s capable of reducing or elimi-
nating the resonance interaction of photons within a CNT
array.

SUMMARY OF THE INVENTION

The embodiments taught herein generally pertain to a car-
bon nanotube signal modulator for reducing, eliminating, or
enhancing the resonance interaction between photonic ele-
ments, and a photonic transmission device that may incorpo-
rate the signal modulator. A variety of methods and tech-
niques for {fabricating a CNT signal modulator are
contemplated.

The carbon nanotube (CN'T) signal modulator comprises a
gate CN'T on a substrate 1n a position for (1) recerving an input
photonic signal and an input modulation signal and (11) trans-
mitting an output photonic signal that 1s reduced, eliminated,
or enhanced through the selection of the input modulation
signal to provide a modulated output photonic signal; and an
input modulation signal sender for sending the mput modu-
lation signal to the gate CNT and creating the modulated
output photonic signal from the gate CN'T. The mput modu-
lation signal comprises a photon or an electron, wherein the
photon can have a predetermined phase alignment with the
input photonic signal, and the phase alignment 1s selectable to
reduce, eliminate, or enhance the modulated output photonic
signal by affecting the resonance interaction of the photons at
the gate CNT.

In some embodiments, the mput modulation signal com-
prises an e¢lectron having a current that i1s controllable to
reduce, eliminate, or enhance the modulated output photonic
signal from the gate CNT, and 1n some embodiments, the
input modulation signal can comprise an electron having a
current that 1s controllable to change the orientation of the
gate CN'T on the substrate to reduce, eliminate, or enhance the
modulated output photonic signal from the gate CN'T. In some
embodiments, the signal modulator 1s an on/off logic device
and, 1n some embodiments, the signal modulator 1s a multi-
gate logic device having multiple gate CN'Ts.

The 1input modulation signal sender and the CNT can be
positioned on the same substrate and, 1n some embodiments,
a portion of the CN'T can be coated with a metal that enhances
the output photonic signal. In these embodiments, the metal
can 1nclude, for example, gold, silver, or platinum.

In some embodiments, the imnvention includes a process for
creating the carbon nanotube (CNT) signal modulator. The
process includes fabricating the gate CN'T on the substrate in
a position for (1) receiving the mnput photonic signal and the
input modulation signal, wherein the input modulation signal
comprises the photon or the electron; and (11) transmuitting the
output photonic signal that 1s reduced, eliminated, or
enhanced through the selection of the input modulation signal
to provide the modulated output photonic signal; and posi-
tioning the mput modulation signal sender for sending the
input modulation signal to the gate CNT and creating the
modulated output photonic signal. In some embodiments, the
process includes positioming the mput modulation signal
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sender on the same substrate as the gate CNT. In some
embodiments, the fabricating includes coating a portion of
the gate CN'T with a metal that enhances the output photonic
signal, and the metal can comprise, for example, gold, silver,
or platinum.

The invention can also include a method of transmitting a
modulated output photonic signal using the carbon nanotube
(CNT) signal modulator. The method can include sending the
input photonic signal to the gate CNT; sending the mnput
modulation signal to the gate CNT to create the modulated
output photonic signal, wherein the mput modulation signal
comprises the photon or the electron; and transmitting the
modulated output photonic signal.

In some embodiments, the invention can include a photonic
transmission device and a process for creating a photonic
transmission device. The process can comprise fabricating a
plurality of CNTs, each having functional antenna forms that
are capable of a resonance interaction of photons between
adjacent CNTs when formed as an array on a substrate; and
forming the array of CNTs on the substrate, wherein each
CNT 1n the array has (1) a substantially parallel orientation to
the adjacent CN'Ts and (1) a diameter and length suitable to
allow for the resonance interaction of the photons between
adjacent CN'T's 1n the array. The photonic transmission device
can include the CNT signal modulator as a gate CN'T within
the plurality of CNT's for transmitting the modulated output
photonic signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a flowchart showing the basic principles of form-
ing the CN'T signal modulators according to some embodi-
ments.

FIGS. 2A and 2B illustrate a CNT before and after IBM
(ion beam molding) processing according to some embodi-
ments of the present invention.

FIGS. 3A through 3H illustrate the polarization depen-
dence of light emitted from a CNT following re-emission of
an incident light according to some embodiments.

FIG. 4 1llustrates polarization considerations for a CNT
nanoantenna according to some embodiments.

FIGS. 5A through 5D show polarization-dependent photon
transier that results in on/off signal transduction according to
some embodiments.

FIGS. 6A and 6B show a photo-transmission line accord-
ing to some embodiments.

FIGS. 7A and 7B show how logic gates can be designed
and function according to some embodiments.

FIGS. 8A through 8D show how a variety of photonic
on/off switch configurations can be designed according to
some embodiments.

FIGS. 9A and 9B show how a CNT array can be used for
photon-coupling in wireless interconnections according to
some embodiments.

FIG. 10 1llustrates a CNT si1gnal modulator having a gate
CN'T on a substrate and an input modulation signal sender for
sending the mput modulation signal to the gate CNT and
creating a modulated output photonic signal according to
some embodiments.

FIGS. 11A and 11B illustrate a CN'T before metal deposi-
tion and after electron-beam-induced deposition (EBID) of
platinum on the CN'T according to some embodiments.

DETAILED DESCRIPTION OF THE INVENTION

Generally speaking, the embodiments taught herein per-
tain to a carbon nanotube signal modulator for reducing,
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4

climinating, or enhancing the resonance interaction between
photonic elements, and a photonic transmission device that
may incorporate the signal modulator. A variety of methods
and techniques for fabricating a CNT signal modulator have
been taught 1n the embodiments provided.

Since a photon can be absorbed and re-emitted by a single
CNT or an array of CNTs, this principle can be used to create
a CN'T signal modulator, as well as a photonic transmission
device. The photons that can be absorbed or emitted by a
nanotube are polarized because the electrons 1n the nanotube
are constrained to the physical dimensions of the carbon
nanotube. The extremely high ratio of length to width of
CNTs substantially favors the movement of electrons within
CNTs to along the lengthwise direction when illuminated
with light of the appropriate wavelength. This restricted
movement creates a specific polarization orientation for pho-
tons that 1s parallel to the orientation of the CNT. If the
physical orientation of two CN'T's 1s parallel, the CNTs can
interact with each other electromagnetically, and the strength
of the electromagnetic interaction can be controlled by con-
trolling the degree of alignment of the CN'T's, which controls
the corresponding difference 1n polarization.

In some embodiments, the teachings herein can be used to
create an on/oif photonic signal modulation by changing the
orientation and polarization of two interacting CNT photonic
elements. In some embodiments, the orientation of the CNT
can be changed by locating the CNT on a movable MEMS
device or by bending the CN'T mechanically or electromag-
netically. In some embodiments, the orientation can be
selected to reduce the transmitted signal by a desired amount,
making the signal modulation of the CNT element an adjust-
able signal modulation.

In some embodiments, the signal modulation can include
an adjustable signal modulation function based on photon
path length differences, or other mechanism such as timing, to
result 1n two photons having different phases that can inter-
tere with one-another and reduce or eliminate the signal
transmission. In these embodiments, photons of opposite
phase can strike the same CNT simultaneously, thus causing
cessation of the signal. Likewise, the phases can be the same
and thus reinforce one-another to amplity the signal. It should
be appreciated that the modulation can be limited to only
reducing the signal, only eliminating the signal, or only
enhancing signal, in some embodiments, depending on the
desired application.

FIG. 1 1s a flowchart showing the basic principles of form-
ing the CNT signal modulators according to some embodi-
ments. The process 100 includes fabricating 105 a plurality of
CNTs, where each 1n the plurality can have a functional
antenna form that 1s capable of a resonance interaction of
photons between adjacent CN'T's when the CNTs are formed
110 as an oniented array on a substrate. One of skill waill
appreciate that the CNT's can be grown directly 113 from the
substrate or formed separate 120 from the substrate. The
CNTs formed separate 115 from the substrate can be attached
to the substrate, where attachment of the plurality forms a
desired array of CNTs on the substrate. The CNTs grown
directly 115 from the substrate can be grown in the form of the
desired array.

Those skilled 1n the art can produce CN'T's using any known
method. For example, CNT's can be produced using plasma-
enhanced chemical vapor deposition (PECVD). In some
embodiments, a S1 substrate can be coated with a thin film of
Ni catalyst (about 20 nm) in a dc magnetron sputtering system
and then heated to about 550-600° C. 1n a PECVD reaction
chamber to break up the N1 film 1nto small catalyst particles.
A gas mixture of NH; and C,H, can be introduced into the
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PECVD chamber at a ratio of 2:1, and a dc glow discharge
plasma can then be generated and maintained by a bias volt-
age ol about 500-550V. A growth time of about 1 to 2 minutes
should yield nanotubes of about 1000 nm or less.

In some embodiments, the primary growth conditions
include thermal chemical vapor deposition at 750° C., use of
an ethylene feed gas, and an 1ron catalyst, as shown by the
accompanying example. The growth time can be about 5
minutes and can yield a higher quality nanotube than the
method described above.

In some embodiments, the CNTs can range 1n size from
about 1 nm to about 300 nm 1n diameter. In some embodi-
ments, the CN'T's can range 1n si1ze from about 25 nm to about
75 nm 1n diameter, from about 20 nm to about 80 nm in
diameter, from about 30 nm to about 70 nm in diameter, {from
about 35 nm to about 65 nm 1n diameter, from about 40 nm to
about 60 nm in diameter, or any range therein. In some
embodiments, the CNT's range from about 10 nm to about 1
mm, from about 100 nm to about 10° nm, from about 200 nm
to about 10* nm, from about 400 nm to about 1000 nm, from
about 400 nm to about 700 nm, from about 700 nm to about
1000 nm, from about 700 nm to about 1500 nm, from about
1500 nm to about 2500 nm, from about 2500 nm to about
3000 nm, or any range therein, 1in length. One of skill will
appreciate that the antenna effect of a CNT can be enhanced
when the length of the antenna 1s a multiple of the refractive-
index-adjusted half-wavelength of the electromagnetic radia-
tion.

In some embodiments, the CNT's can also be coated with a
material, or embedded 1n a material, that can modity the
properties of the CNT and/or provide an enhanced or addi-
tional Tunctionality. Metals like gold and silver, for example,
have been shown to have desirable photonic properties. In
some embodiments, the CN'Ts can be coated with a polymer,
a photon-active semiconducting material, a dielectric, or a
monomeric or oligomeric chemical moiety. The CNT can act
as the photonic element 1tself or can serve as a scatlold or
support substrate to allow the active polymer, chemical, or
metal to be 1n the desired shape, position, and orientation to
enable various photonic applications.

In many embodiments, each CNT in the array can have (1)
a substantially parallel orientation to the adjacent CNTs and
(11) a diameter and length suitable to allow for the resonance
interaction of the photons between adjacent CNTs 1n the
array. And, the process includes providing a means to change
the orientation of a CN'T in the array. Any means known to one
of skill can be used, as long as 1t 1s a switching mechanism for
changing the orientation of a gate CN'T 1n the array to reduce
or eliminate the resonance interaction of photons at the posi-
tion of the gate CN'T and enabling signal modulation. In some
embodiments, the signal modulator 1s an on/oif logic device.
In some embodiments, the signal modulator 1s a multi-gate
logic device. In some embodiments, a “substantially parallel”
orientation of CNTs can be one that provides for at least
99.5%, 99%, 97%, 95%., 90%, 85%, 80%, or 75% transmis-
s10n of an energy signal from the second CNT 1n the substan-
tially parallel oriented CN'T's, as compared to the transmission
of the same energy signal realized through a truly parallel
orientation of the CNTs. It should be appreciated that the
required limitation of what 1s “substantially parallel” can
vary, depending on the embodiment, as the system require-
ments can vary according to, for example, the use intended for
the apparatus and the allowable variation 1n performance.

In some embodiments, the switching mechanism com-
prises an electromagnetic component. In some embodiments,
the switching mechanism comprises a mechanical compo-
nent. In some embodiments, the switching mechanism com-

5

10

15

20

25

30

35

40

45

50

55

60

65

6

prises a photon phase modulator component to create an
out-of-phase photon to strike the gate CN'T at the same time as
a resonance photon and reduce or eliminate the resonance
interaction of photons at the gate CNT.

Any eclectromagnetic energy capable of transmission
through the CN'Ts can be used. In some embodiments, the
energy can be selected from a group consisting of radiowave,
microwave, 1nirared, optical, and ultraviolet. In some
embodiments, the photons have a wavelength ranging from
about 10 nm to about 1 mm, from about 100 nm to about 10°
nm, from about 200 nm to about 10* nm, from about 400 nm
to about 1000 nm, or any range therein. In some embodi-
ments, the photons have a wavelength ranging from about 400
nm to about 700 nm, from about 700 nm to about 1000 nm,
from about 700 nm to about 1500 nm, from about 1500 nm to
about 2500 nm, from about 2500 nm to about 3000 nm, or any
range therein.

In some embodiments, the CNT signal modulator can
include a gate CN'T on a substrate 1n a position for receiving
an iput photonic signal and an input modulation signal and
transmitting an output photonic signal that 1s reduced, elimi-
nated, or enhanced through the selection of the mput modu-
lation signal to provide a modulated output photonic signal.
The input modulation signal can comprise a photon or an
clectron. The CN'T s1ignal modulator can also include an input
modulation signal sender for sending the input modulation
signal to the gate CNT and creating the modulated output
photonic signal from the gate CNT.

A process for creating the CNT signal modulator can
include fabricating the gate CN'T on the substrate 1n a position
for (1) recerving the input photonic signal and the input modu-
lation signal, wherein the input modulation signal comprises
the photon or the electron; and (11) transmitting the output
photonic signal that i1s reduced, eliminated, or enhanced
through the selection of the input modulation signal to pro-
vide the modulated output photonic signal. An mput modu-
lation si1gnal sender 1s positioned for sending the input modu-
lation signal to the gate CNT and creating the modulated
output photonic signal. The mnput modulation signal sender
can be any source of electrons or photons known to one of
skill to be useful 1n any particular application. In some
embodiments, the input modulation signal sender can include
a photonic element and, 1n some embodiments, the process
includes positioning the input modulation signal sender on
the same substrate as the gate CNT.

In some embodiments, the photonic element can include,
for example, a laser, a modulator, a photodiode, a VCSEL, a
distributed feedback laser diode, an optical fiber, a lens, a
diffractive lens, an optical lens, a spherical lens, an aspherical
lens, a ball lens, a GRIN lens, a lens system, a flat mirror, a
shaped mirror, a diffractive mirror, a prism, a hologram, a
wave guide, a slab waveguide, a planar wave guide, a photo-
nic crystal wave guide, a grating plate, an arrayed waveguide
grating, a diffraction grating, a diffraction wave guide grat-
ing, crossbar switches, y-branches, directional couplers, a
Fabry-Perot interferometer, or a Mach-Zehnder interferom-
eter.

The fabricating can include coating a portion of the gate
CN'T with ametal that enhances the output photonic signal. In
some embodiments, the metal can include gold, silver, or
platinum. Nanoscale-sized metals can be used to coat the
CN'T to enhance the photonic interaction of the CN'T, wherein
the nanoscale metal can serve as a photonic oscillator.

The mput modulation signal can comprise a photon having,
a predetermined phase alignment with the mput photonic
signal. In some embodiments, the phase alignment can be a
variable selected to reduce, eliminate, or enhance the modu-
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lated output photonic signal by afiecting the resonance inter-
action of the photons at the gate CN'T. An out of phase photon

can reduce or eliminate an output signal, whereas an in-phase
photon can enhance an output signal.

In some embodiments, the input modulation signal can
comprise an electron having a current that can be controllable
to reduce, eliminate, or enhance the modulated output pho-
tonic signal from the gate CN'T. One of skill will understand
that known electronic techniques can be used to control elec-
tron flow and, thus, reduce, eliminate, or even enhance the
output photonic signal.

In some embodiments, the input modulation signal can
comprise an electron having a current that can be controllable
to change the orientation of the gate CNT on the substrate to
reduce, eliminate, or enhance the modulated output photonic
signal from the gate CNT. One of skill will appreciate that
known electronic techniques can be used to change the ori-
entation of the gate CN'T using electromechanical means. For
example, by deviating from parallel orientation, the output
photonic signal can be reduced or eliminated, whereas by
changing the distance between parallel oriented CNTs, the
signal can be reduced, eliminated, or even enhanced. In some
embodiments, the signal modulator 1s an on/off logic device
and, 1n some embodiments, the signal modulator 1s a multi-
gate logic device having multiple gate CN'Ts.

The signal modulator can be designed for photons having
almost any known and usetful wavelength, such as a wave-
length ranging from about 400 nm to about 700 nm. In some
embodiments, the signal modulator 1s designed for photons
having a wavelength ranging from about 700 nm to about
1000 nm, from about 700 to about 1500 nm, from about 1500
nm to about 2500 nm, from about 2500 nm to about 3000 nm,
or any range therein.

One of skill will appreciate that the teachings herein can be
applied to a wide variety of applications. In some embodi-
ments, for example, nanodevices can be used as chemical or
biological sensors, wherein a nanotube antenna can be used to
couple such nanosensors in the manner taught herein. In these
embodiments, for example, a photonic and electronic cou-
pling between a CNT signal modulator and a sample of inter-
est supplies data as to the qualities of the sample. In some
embodiments, one of the nanosensors can provide the photo-
nic iteraction antenna effect, and another can be perhaps
functionalized and coupled to the “antenna” to provide a
sensitivity and/or a frequency shiit detection to enable chemi-
cal or biological detection measurements. In addition, the
teachings presented herein can be combined with a basic
understanding of nanoscale electromagnetic interactions to
provide for the development of photonic computing, future
communications applications, nanowaveguides, nanoop-
tosensors, wireless interconnects to nanodevices, visible light
nanoantennas, eificient solar energy devices, beamed power
transducers, and the like.

EXAMPLE 1

Controlled Manufacture of CNT's

The ability to manipulate nanomaterials 1n a controllable
manner 15 needed for many nanotechnology applications.
As-grown CNTs, for example, do not always exhibit the
desired shape and configuration 1deal for a given application
but require further manipulation to render them suitable. In
nanotransistors, the bends and kinks along the length of a
CNT can change the bandgap of the CNT, thus altering 1ts
behavior. Modus Nanotechnology has fabricated multiple
CNT nanoantenna geometries and orientations having
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lengths suitable for resonant interaction with photon wave-
lengths that range, for example, from the optical regime to the
inirared. CNTs formed into functional geometries can per-
form as the functional element in a photonic device or as a
nanoantenna.

IBM (ion beam molding) can be used to create functional
nanoantenna geometries. FIGS. 2A and 2B illustrate a CN'T
before and aiter IBM according to some embodiments of the
present invention. In FIG. 2A, a CN'T displays 1ts “as-grown”
native curvature 205 before IBM. In FIG. 2B, 1t can be seen
that IBM can be used to create a CN'T having a bend length
210 of about 700 nm, which 1s 1n the optical wavelength
range.

The demonstration of the IBM technique for nanomanipu-
lation includes the use of an atomic force microscope (AFM)
as the platform and a carbon nanotube as the nanomaternal.
The CNT 1s attached to the apex of the tip of the AFM for this
purpose. A multiwalled carbon nanotube IMWN'T) probe was
tabricated using a chemical-vapor deposition (CVD) process
on a Pt/Ir wire that 1s 1 cm long and 1 mm 1n diameter. The
wire was lirst immersed 1n an 1ron-containing solution and
then placed 1n a CVD chamber under ethylene tflow at 750° C.
Within a short period of time, the MWNTs appeared 1n the
Pt/Ir wire. From the bunch of CNTs, a single nanotube was
transierred to the AFM probe assembly. In some embodi-
ments, the CNT can be grown on the AFM probe directly.

For nanomanipulation, the probe assembly with the nano-
tube was mserted 1nto a dual beam focused 10n beam (FIB)
instrument (Accurel, Sunnyvale, Calif.), which has both an
clectron beam and an 10n beam. The scanning electron micro-
scope (SEM) function using the electron beam was used to
locate the area of interest containing the nanotube. FIBs,
normally used for milling applications, are designed with the
ability to know the distance and angles between the beam and
sample. The sample 1s on a sample plate with rotation and X,
Y, and 7 translation, and the angle of the beam with respect to
the sample plate 1s user defined. The angle can be set using
these mechanism within the precision of the mstrument’s
positional accuracy. The angle and Z direction of the 10n beam
needs to be defined with respect to the nanotube’s location
and the desired direction/orientation of the final configura-
tion. The nanotube was then exposed to a gallium 1on beam
that raster-scanned a 5 micron region containing the nanotube
from a prescribed angle at 50 p A beam current for 5 seconds
or less. An increase in energy can shorten the process even
turther, but only up to a point.

EXAMPLE 2

CN'T Nanoantennas

The performance metrics of the nanoantennas were tested
and the results showed that CN'Ts fabricated into functional
antenna forms, demonstrate photonic properties and antenna
cificiencies comparable to theoretical values. Measured
polarization proved dependent upon the orientation of the
CN'T and this property can lead to functional carbon nanotube
based photonic logic device elements.

A nanotube acts as an antenna re-radiating light with an
clectric field E, polarized 1n the plane parallel to the CNT. A
polarizer, with 1ts axis of polarization rotated by an angle 0 to
this plane, transmits radiation with a projected electric field
E'=E cos 0, and the corresponding observed intensity 1s given




US 8,081,361 B2

9

by the law of Malus I,,,=x(E")*=E~ cos 0. A general equation
describing the scattering maxima from a random array of
dipole antennas 1s:

L=m(%)f(9, n)

where L 1s the scattered light, m 1s the ratio of the speed of
clectromagnetic propagation in the antenna to that mn a
vacuum, and 1(0,n)=1 for a single, simple dipole 1lluminated
at normal incidence.

A scattered light background signal 1s established by mea-
suring the scattered light from test substrates of various mate-
rials including S1and S102 and thin metal films. These results
are compared with measurements from the variable geometry
CNT samples. The attenuation cross section of the EM radia-
tion 1s estimated to be comparable to the physical dimensions
of the nanoantennas. A measurement of the effective aperture
1s approximated and compared with theoretical values.

FIGS. 3A through 3H illustrate the polarization depen-
dence of light emitted from a CNT following re-emission of
an 1ncident light according to some embodiments. FIG. 3A
shows a schematic of an Si substrate 305 and a CNT 310
attached to the surface of the S1 substrate 305. FIG. 3B shows
a backlit view of the Si1 substrate 305 and the attached CNT
310 of FIG. 3A, where the CN'T 1s cantilever re-radiating an
incident broad spectrum light 315.

In FIG. 3C, the incident light 1s not polarized, the emitted
light has the photon count shown in FIG. 3D. In FIG. 3E, the
incident light 1s polarized parallel to the CN'T orientation, and
the photon count shown 1n FIG. 3F compares to the photon
count 1n FIG. 3D. In contrast, the incident light 1n FIG. 3G 1s
polarized perpendicular to the orientation of the CN'T, and the
photon count shown 1n FIG. 3H 1s eliminated. Accordingly,

the data shows a strong polarization relationship between the
incident light and the light emitted from a CNT.

EXAMPLE 3

Measured Efficiency and Polarization Dependence of
a CN'T Nanoantenna

Example 2 shows the polarization relationship between the
incident light and the light emitted from an oriented CNT.
Since the polarized light must be coming from the CNT only,
the emission data can be used to calculate the efliciency of a
CNT nanoantenna. The E fields scattered by a cylinder can be
expressed 1in a concise manner by resolving the incident and
scattered fields mto perpendicular and parallel components
and consider the fields at large distances compared to 1its
wavelength.

FIG. 4 1llustrates polarization considerations for a CNT
nanoantenna according to some embodiments. For unpolar-
1zed light 1incident on the cylinder axis, the scattered field,
polarized parallel and perpendicular to the axis can be
expressed in terms of the incident fields through the following

matrix equation.

Ei _ 3T 2Xi
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where ¥ and €2 are apparatus elliciency and scattering solid
angle, respectively, T 1s the transfer matrix and the angles are
as shown 1n the figure.

The matnix relationship can be simplified where the diam-
eter of the cylinder 1s small compared to the wavelength, and
the incident light arrives normal to the cylinder axis. In this

case,

[,

11 =bg, Ty =ag, Ts = 2ia sing and Ty = —2ibsing, and sind 1s unity.

— i { 2 )2 5
bo =ay = 4(1](5‘?’1 —1)

—ir{ 2mr\? 5
ﬂﬂ—l—?)z({l](m —1)

For viewing normal to the wire axis, sin ¢$=0. The intensity
of the scattered light 1s the square of the scattered E fields
ogving,

2y .
i = |E3* = —5 (b3l

2 .
LIPS

L =IEl =45

where the scattering solid angle 1s given by 2m times the
azimuthal diffraction angle given by the finite focal width of
the 1lluminating laser.

Our F/2 viewing system provides a collection solid angle
and, from this, we have estimated an optical throughput eifi-
ciency of ~10%, including both the mput and output lenses,
combined with the detector efficiency. Evaluating a, and b,
the carbon nanotube diameter 1s 40 nm and the 1lluminating
laser wavelength 1s 514 nm. The complex refractive index, m.,
for the nested nanotubes 1s not known so we base our estima-
tions on the measured graphite values. Combining these fac-
tors we can estimate the scattering efficiency and compare
that to our measured values.

For parallel polarization, we estimate an intrinsic scatter-
ing etficiency/solid angle of about 15% of the parallel 1nci-
dent light that 1s intercepted by the nanotube. The geometric
intercept fraction 1s ~2.5%, giving an overall scattering frac-
tion of 4e~* of I,,. We collect about V4 of this in our F/2 lens.

For the illumination conditions of our experiment, this
translates into an expected photon count per pulse of 1e°
photons. Integrating the scatter spot we measure ~3¢e” pho-
tons, which we believe to be in good agreement with our
expectations. Comparing parallel with perpendicular polar-
1zation we expect a ratio for unpolarized light to be given by

Our measured ratio 1s ~0.09, and our theoretical estimate 1s
0.057. Accordingly, this measured efficiency and polarization
dependence of a CNT nanoantenna demonstrates that CNTs
can function in photonic and nanoantenna applications.

EXAMPLE 4

Photonic Transmission Device Configurations

Various device architecture configurations can be used to
take advantage of CNT photonic properties. An electromag-
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netic field can be used, for example, to change the orientation
of a select CNT, which can be referred to in some embodi-

ments as a gate CN'T.

FIGS. 5A through 5D show polarization-dependent photon
transier that results in on/off signal transduction according to
some embodiments. In FIG. 5A, the CNTs 505, 507 remain
aligned due to the absence of an electromagnetic field, such
that the photons 510 transfer through the aligned CNTs 505,
507. FIG. 5B further 1llustrates this concept, where the pho-
tons 510 are shown to transter through the aligned CN'T's 505,
507. In FIG. 5C, the CNTs 505, 507 are no longer aligned due
to the application of an electromagnetic field 515, such that
the photons 510 cannot pass through the gate CN'T 507. FIG.
5D further illustrates this concept, where the photons 510 are
shown to stop at the misaligned gate CN'T 507. Accordingly,
the polarization dependent photon transfer allows for an
on/oil signal transduction.

FIGS. 6A and 6B show a photo-transmission line accord-
ing to some embodiments. In FIG. 6 A, the photon source 6035
provides incident energy 610 to the aligned array of CNTs
615, and the aligned array of CNT's 615 transmit the energy
610 to the detector/transducer 620. FIG. 6B 1llustrates how
the photo-transmission line can have a variety of configura-
tions, such as a straight-line configuration 630 or a Y-junction
configuration 640. As such, the resonant energy storage effect
of the CNT arrays allows for eflicient photon transfer
throughout transmission lines which can be used 1n a variety
ol applications that include, for example, communications
and computing applications.

Essentially, these transmission lines serve as logic gates.
FIGS. 7A and 7B show how logic gates can be designed and
function according to some embodiments. FIG. 7A shows a
straight-line configuration 705, where the gate CNT 720 1s
pulled out of orientation with an electromagnetic force 715.
Likewise, FI1G. 7B shows how a Y-junction 730 configuration
can be used to select a pathway for the signal using an elec-
tromagnetic force 735 to pull the gate CN'T 740 out of align-
ment.

FIGS. 8A through 8D show how a variety of photonic
on/ofl switch configurations can be designed according to
some embodiments. FIGS. 8A and 8B show the vertically
oriented gate CNT 805 that 1s pulled out of orientation using
an e¢lectromagnetic force 810, whereas FIGS. 8C and 8D
show that the desired CNT “on” alignment may be fixed by
orienting the gate CN'T 8135 using a {irst electromagnetic force
825 and the “off” alignment may likewise by selected using a
second electromagnetic force 835.

FIGS. 9A and 9B show how a CNT array can be used for
photon-coupling 1n wireless interconnections according to
some embodiments. In FIG. 9A, a conventional interconnec-
tion 1s used to transmit signals 903 to a first element 910, a
second element 920, and third element 930. In FIG. 9B, CN'Ts

950 are used to transmuit the signals 905.

EXAMPLE 5

A CNT Signal Modulator

FIG. 10 1llustrates a CNT si1gnal modulator having a gate
CN'T on a substrate and an input modulation signal sender for
sending the mput modulation signal to the gate CNT and
creating a modulated output photonic signal according to
some embodiments. The gate CNT 1005 on a substrate 1n a
position for (1) receiving an mnput photonic signal 1010 and an
input modulation signal 1015, wherein the imnput modulation
signal 1015 comprises a photon or an electron; and (11) trans-
mitting an output photonic signal 1020 that 1s reduced, elimi-
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nated, or enhanced through the selection of the mput modu-
lation signal 1015 to provide a modulated output photonic
signal 1020

The mput modulation signal 1015 can comprise a photon
having a predetermined phase alignment with the mput pho-
tonic signal, wherein the phase alignment 1s selected to
reduce, eliminate, or enhance the modulated output photonic
signal by affecting the resonance interaction of the photons at
the gate CN'T. In some embodiments, the mput modulation
signal can comprise an electron having a current that 1s con-
trollable using electronic methods known to one of skill to
reduce, eliminate, or enhance the modulated output photonic
signal from the gate CNT. In some embodiments, the input
modulation signal can comprise an electron having a current
that 1s controllable to change the orientation of the gate CN'T
on the substrate to reduce, eliminate, or enhance the modu-
lated output photonic signal from the gate CNT.

EXAMPLE 6

A Metal-Coated CNT

FIGS. 11A and 11B illustrate a CN'T before metal deposi-

tion and after electron-beam-induced deposition (EBID) of
platinum on the CNT according to some embodiments. FIG.
11A shows the CNT 1105 before deposition of the platinum.
Nanoscale-sized metals can be used to coat the CNT to
enhance the photonic interaction of the CNT, wherein the
nanoscale metal can serve as a photonic oscillator. FIG. 11B
shows the CNT 1110 after deposition of the platinum coating.

The foregoing description of the invention has been pre-
sented for purposes of illustration and description and 1s not
intended to be exhaustive or to limit the mvention to the
precise form disclosed. Many modifications and variations
are possible 1n light of the above teaching. For example, there
are several additional applications for the carbon nanotube
signal modulators taught herein that would be considered by
one of skill. The embodiments disclosed were not intended to
be all-inclusive but, rather, were meant only to explain the
principles of the mvention and 1ts practical application to
thereby enable others skilled 1n the art to best use the mnven-
tion 1n various embodiments and with various modifications
suited to the particular use contemplated.

We claim:
1. A carbon nanotube (CNT) signal modulator comprising;:
a plurality of CN'T structures fabricated 1n position over a
substrate, each of the plurality of CNTs operating as a
gate CNT 1n position for (1) recerving an imnput photonic
signal and an input modulation signal, wherein the input
modulation signal comprises a photon or an electron;
and (11) transmitting an output photonic signal that 1s
reduced, eliminated, or enhanced through the selection
of the mput modulation signal to provide a modulated
output photonic signal, wherein said receiving and trans-
mitting operations of the gate CNT are performed
entirely by one of the plurality of CNT structures, and
wherein said input photonic signal 1s scattered or other-
wise modulated at said one of the plurality of CNT
structures for generating said modulated output photo-
nic signal; and
an 1nput modulation signal sender for sending the input
modulation signal to the gate CNT and creating the
modulated output photonic signal from the gate CNT.
2. The CNT signal modulator of claim 1, wherein the input
modulation signal comprises a photon having a predeter-
mined phase alignment with the input photonic signal,
wherein the phase alignment 1s selectable to reduce, elimi-
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nate, or enhance the modulated output photonic signal by
alfecting the resonance interaction of the photons at the gate

CNT

3. The CNT signal modulator of claim 1, wherein the input
modulation signal comprises an electron having a current that
1s controllable to reduce, eliminate, or enhance the modulated
output photonic signal from the gate CNT.

4. The CNT signal modulator of claim 1, wherein the input
modulation signal comprises an electron having a current that
1s controllable to change the orientation of the gate CNT on
the substrate to reduce, eliminate, or enhance the modulated
output photonic signal from the gate CNT.

5. The CNT signal modulator of claim 1, wherein the signal
modulator 1s an on/off logic device.

6. The CNT signal modulator of claim 1, wherein the signal
modulator 1s a multi-gate logic device having multiple gate
CNTs.

7. The CN'T signal modulator of claim 1, wherein the input
modulation signal sender and the CNT are positioned on the
same substrate.

8. The CN'T signal modulator of claim 1, wherein a portion
of the CNT 1s coated with a metal that enhances the output
photonic signal.

9. The CN'T s1ignal modulator of claim 8, wherein the metal
comprises gold, silver, or platinum.

10. A process for creating the CNT signal modulator of
claim 1, the process comprising

tabricating the gate CN'T on the substrate 1n a position for

(1) recerving the input photonic signal and the input
modulation signal, wherein the input modulation signal
comprises the photon or the electron; and (1) transmit-
ting the output photonic signal that 1s reduced, elimi-
nated, or enhanced through the selection of the input
modulation signal to provide the modulated output pho-
tonic signal; and

positioning the imnput modulation signal sender for sending

the input modulation signal to the gate CN'T and creating
the modulated output photonic signal.

11. The process of claim 10, wherein the process includes
positioning the mput modulation signal sender on the same
substrate as the gate CNT.

12. The process of claam 10, wherein the fabricating
includes coating a portion of the gate CN'T with a metal that
enhances the output photonic signal.

13. The process of claim 12, wherein the metal comprises
gold, silver, or platinum.

14. The process of claim 10, wherein the input modulation
signal comprises a photon having a predetermined phase
alignment with the input photonic signal, wherein the phase
alignment 1s selectable to reduce, eliminate, or enhance the
modulated output photonic signal by affecting the resonance
interaction of the photons at the gate CNT.

15. The process of claim 10, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CNT.

16. The process of claim 10, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to change the orientation of the gate CNT on the sub-
strate to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CN'T.

17. The process of claim 10, wherein the signal modulator
1s an on/oil logic device.

18. The process of claim 10, wherein the signal modulator
1s a multi-gate logic device having multiple gate CNTs.
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19. A method of transmitting a modulated output photonic
signal using the CNT signal modulator of claim 1, compris-
ng:

sending the 1nput photonic signal to the gate CNT;

sending the input modulation signal to the gate CNT to

create the modulated output photonic signal, wherein
the input modulation signal comprises the photon or the
electron; and

transmitting the modulated output photonic signal.

20. The method of claim 19, wherein the imnput modulation
signal comprises a photon having a predetermined phase
alignment with the input photonic signal, wherein the phase
alignment 1s selectable to reduce, eliminate, or enhance the
modulated output photonic signal by affecting the resonance
interaction of the photons at the gate CNT.

21. The method of claim 19, wherein the imnput modulation
signal comprises an electron having a current that 1s control-
lable to reduce, eliminate, or enhance the modulated output

photonic signal from the gate CNT.

22. The method of claim 19, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to change the orientation of the gate CNT on the sub-
strate to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CN'T.

23. The method of claim 19, wherein the signal modulator
1s an on/oif logic device.

24. The method of claim 19, wherein the signal modulator
1s a multi-gate logic device having multiple gate CN'Ts.

25. A process for creating a photonic transmission device,
the process comprising;:

fabricating a plurality of CNTs, each having functional
antenna forms that are capable of a resonance interaction
of photons between adjacent CN'Ts when formed as an
array on a substrate

forming the array of CN'Ts on the substrate, wherein each
CNT 1n the array has (1) a substantially parallel orienta-
tion to the adjacent CN'T's and (11) a diameter and length
suitable to allow for the resonance interaction of the
photons between adjacent CNT's in the array; and

adding a carbon nanotube (CNT) signal modulator com-
prising;:

a plurality of CNT structures fabricated 1n position over a
substrate, each of the plurality of CNTs operating as a
gate CNT 1n position for (1) recerving an mput photonic
signal and an input modulation signal, wherein the input
modulation signal comprises a photon or an electron;
and (11) transmitting an output photonic signal that is
reduced, eliminated, or enhanced through the selection
of the mput modulation signal to provide a modulated
output photonic signal, wherein said receiving and trans-
mitting operations of the gate CNT are performed
entirely by one of the plurality of CNT structures, and
wherein said input photonic signal 1s scattered or other-
wise modulated at said one of the plurality of CNT
structures for generating said modulated output photo-
nic signal, and

an 1nput modulation signal sender for sending the input
modulation signal to the gate CNT and creating the
modulated output photonic signal from the gate CNT.

26. The process of claim 25, wherein the gate CNT 1s
created within the plurality of CNTs for transmitting the
modulated output photonic signal.

277. The process of claim 25, wherein the input modulation
signal comprises a photon having a predetermined phase
alignment with the input photonic signal, wherein the phase
alignment 1s selectable to reduce, eliminate, or enhance the
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modulated output photonic signal by affecting the resonance
interaction of the photons at the gate CNT.

28. The process of claim 23, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CN'T.

29. The process of claim 23, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to change the orientation of the gate CNT on the sub-
strate to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CNT.

30. The process of claim 25, wherein the signal modulator
1s an on/oil logic device.

31. The process of claim 25, wherein the signal modulator

1s a multi-gate logic device having multiple gate CNTs.

32. A photonic transmission device comprising:

a plurality of CNTs, each having functional antenna forms
that are capable of a resonance interaction of photons
between adjacent CN'Ts when formed as an array on a
substrate;

wherein each CNT 1n the array has (1) a substantially par-
allel orientation to the adjacent CNT's and (11) a diameter
and length suitable to allow for the resonance interaction
of the photons between adjacent CNTs 1n the array; and

a carbon nanotube (CN'T) signal modulator comprising;:

a plurality of CN'T structures fabricated 1n position over a
substrate, each of the plurality of CNTs operating as a
gate CN'T 1n position for (1) recerving an mput photonic
signal and an input modulation signal, wherein the input
modulation signal comprises a photon or an electron;
and (11) transmitting an output photonic signal that is
reduced, eliminated, or enhanced through the selection
of the mput modulation signal to provide a modulated
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output photonic signal, wherein said receiving and trans-
mitting operations of the gate CNT are performed
entirely by one of the plurality of CNT structures, and
wherein said input photonic signal 1s scattered or other-
wise modulated at said one of the plurality of CNT
structures for generating said modulated output photo-
nic signal, and

an 1nput modulation signal sender for sending the input

modulation signal to the gate CNT and creating the
modulated output photonic signal from the gate CNT.

33. Thedevice of claim 32, wherein the gate CN'T 1s created
within the plurality of CNTs for transmitting the modulated
output photonic signal.

34. The device of claim 32, wherein the input modulation
signal comprises a photon having a predetermined phase
alignment with the input photonic signal, wherein the phase
alignment 1s selectable to reduce, eliminate, or enhance the
modulated output photonic signal by affecting the resonance
interaction of the photons at the gate CNT.

35. The device of claim 32, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CN'T.

36. The device of claim 32, wherein the input modulation
signal comprises an electron having a current that 1s control-
lable to change the orientation of the gate CNT orn the sub-
strate to reduce, eliminate, or enhance the modulated output
photonic signal from the gate CNT.

3’7. The device of claim 32, wherein the signal modulator 1s
an on/oil logic device.

38. The device of claim 32, wherein the signal modulator 1s
a multi-gate logic device having multiple gate CNTs.
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